Abstract Geranylgeranyl-diphosphate synthases (GGDPS) catalyze branch point enzymatic reactions producing isoprenoid-derived products which are necessary for plant growth and responses to a wide range of biotic and abiotic stresses. In our study, full length geranylgeranyl-diphosphate synthase 1 (PgGGDPS1) and 2 (PgGGDPS2) cDNA were isolated and characterized from the flower of Panax ginseng and 4-year old P. ginseng cv. Gumpoong. The cDNA had open reading frame of 1032 and 1116 bp with a deduced amino acid sequence of 343 and 371 residues for GGDPS1 and GGDPS2, respectively. The calculated molecular mass of GGDPS1 and GGDPS2 were approximately 37.66 and 40.21 kDa with a predicated isoelectric point of 5.32 and 6.23 and predicted localization of plastid. A GenBank Blast X search revealed that the deduced amino acid of PgGGDPS1 shared a high degree of homology with GGDPS from Panax notoginseng. The transcription pattern of GGDPS genes was different at various developmental stages. Both GGDPS genes were highly expressed in aerial parts of the plant, especially in rapidly growing tissues such as 4-year old flower and stem tissues. Transcript level of PgGGDPS1 was differentially induced in ginseng not only during Pseudomonas syringae pv tomato infection but also after exposure to abiotic stresses. Our results suggested that the induction of GGDPS genes specifically PgGGDPS1 by drought stress may affect chlorophyll levels, intracellular GA content and accumulation of carotenoids as the precursor for higher production of ABA and possibly stomatal closure as the barrier for water loss.
Introduction
Geranylgeranyl diphosphate (GGDP) is the key precursor for biosynthesis of several important terpenoids which are necessary for plant growth and response to environmental changes including diterpenes, gibberellins, carotenoids, and the isoprenoid side chain of chlorophyll (Fig. 1c) . It is synthesized by branch point enzymatic reaction of geranylgeranyl pyrophosphate synthase which functions in condensation of isopentenyl diphosphate (IPP) and other substrates such as farnesyl diphosphate (FDP) to produce C 20 GGDP. Prenyl diphosphate synthases, the enzymes utilizing IPP, are localized in three subcellular compartments: the cytosol, mitochondria, and plastids (Gray 1987; Kleinig 1989) . In plants, few data are available concerning the enzymes of the prenyltransferase family and their regulation at the molecular level. In plant cells, isoprenoids such as carotenoids, chlorophylls, and entkaurene have been shown to be synthesized from GGDP in plastids Hedden and Kamiya 1997) . Plant growth hormone of gibberellin is derived from GGDP with two-step cyclization via copalyl diphosphate that produced a common precursor, ent-kaurene. Carotenoids with protective function against harmful effects in photo-oxidative process are lipophilic isoprenoids produced by head-to-head condensation of two GGDP molecules. Subsequently abscisic acid (ABA) as the plant stress hormone is the carotenoid-derived signaling molecule. GGDP is reduced to phytyl pyrophosphate which forms essential phytol side chain for chlorophyll biosynthesis. GGDP synthase (GGDPS) genes have been characterized from Capsicum annuum (Kuntz et al. 1992; Badillo et al. 1995) , Sinapis alba (Laferriere and Beyer 1991) , Lupinus albus (Aitken et al. 1995) , Catharanthus roseus (Bantignies et al. 1995) , and Arabidopsis (Scolnik and Bartley 1994; Scolnik and Bartley 1995; Scolnik and Bartley 1996; Zhu et al. 1997a, b) . GGDPS genes have been cloned in a number of organisms including; Arabidopsis thaliana (Okada et al. 2000; Zhu et al. 1997a, b) , Taxus canadensis (Hefner et al. 1998) , Helianthus annuus (Oh et al. 2000) , Scoparia dulcis and Croton sublyratus (Sitthithaworn et al. 2001) , or Solanum lycopersicon (Ament et al. 2006) .
Panax ginseng Meyer, a perennial herbaceous plant from the Araliaceae family, is one of the most commonly utilized medicinal plants Song et al. 2014) . Various abiotic stresses such as drought, salinity, and adverse temperatures might affect crop plants and due to long cultivation period of ginseng, this highly valued medicinal plant is more susceptible to ecological stresses. Ginseng plants activate distinct defense responses to adapt to adverse conditions during their growth and development. In this report, we attempt to identify the GGDPS genes in P. ginseng and understand the biological significance of these genes in response to environmental stresses. In addition, the mRNA abundance of these GGDPS genes at different developmental stages and in different organs was examined.
Materials and methods
Plant materials and growth conditions P. ginseng adventitious roots were collected from Ginseng Bank, Kyung Hee University and grown for 1 month in liquid Murashige & Skoog medium (Murashige and Skoog 1962) supplemented with 3 mg l −1 indole-3-butyric acid (IBA) at 25°C. The roots were maintained by regular subculture in every 4 weeks. Embryo, 1-month old seedling and different organs (leaf, stem, flower bud, main root, lateral root, rhizome) of 2-, 4-and 6-year old healthy ginseng plants were collected from Ginseng Bank, Korea.
RNA purification and construction of a cDNA library Total RNA was isolated from the 4-year old Gumpoong cultivar and flower of P. ginseng and RNA was isolated using the aqueous phenol extraction procedure described by Morris et al. (1990) . Poly (A) + RNA was isolated by an oligo (dT) cellulose column using the Poly (A) Quick mRNA isolation kit (Stratagene,USA). A commercial cDNA synthesis kitwas used to construct a library according to the manufacturer's instruction manual (Clontech, USA). Size-selected cDNA was ligated into a λTriplEx2 vector and was packaged in vitro using Gigapack III Gold Packaging Extract kits (Stratagene). pTriplEx phagemids were excised from the λpTriplEx2 and used as templates for sequence analysis. The 5′ ends of the cDNA inserts were sequenced by an automatic DNA sequencer (ABI Prism 3700, Perkin-Elmer, USA) . Distances between each clone and group are calculated with CLUSTAL W program. c Geranylgeranyl diphosphate (GGDP), the key precursor for biosynthesis of several terpenoids. DMAPP, Dimethylallyl pyrophosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; FPP, f arnesyl pyrophosphate; GGDPS, g e r a n y l g e r a n y l -d i p h o s p h a t e s y n t h a s e ; G l y A l d -3 P, glyceraldehyde-3-phosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; IPP, isopentenyl pyrophosphate; MEP, 2-Cmethyl-D-erythritol 4-phosphate; MVA, Mevalonic acid Sequence analysis Homologous sequences of GGDPS EST were searched against the GenBank databases using a BLASTX algorithm. A pTriplEx phagemid for GGDPS cDNA was excised from the λpTriplEx2 and used as a template for sequence analysis. Nucleotide and amino acid sequence analyses were performed using the DNASIS program (Hitachi, Japan) .
We identified and selected GGDPS genes based on their open reading frames encoding the specific protein via BlastX program (NCBI BlastX program). ClustalX with default gap penalties was used to perform multiple alignment of GGDPS1 and GGDPS2 isolated from P. ginseng and previously registered in other species. A phylogenetic tree was constructed by the neighborjoining method, and the reliability of each node was established by bootstrap methods using MEGA4 software. The protein properties were estimated using ProtParam (Artimo et al. 2012) . Proposed signal peptide is predicted from PSORT (K. Nakai, Tokyo University, http://psort.ims.u-tokyo.ac.jp/).
Stress treatment
To investigate the response of the PgGGDPS gene to various elicitors, 100 μM methyl jasmonate (MJ), 200 μM salicylic acid (SA) and 3 g l −1 yeast extract (YE) were applied to 30 days old subcultured adventitious roots, and harvested at 6, 12, 24, 48, 72 h after treatment. The P. ginseng seeds used in the present study were obtained from the Ginseng Bank, South Korea. The 4 week-old ginseng seedlings germinated in vitro condition on solidified MS media (Duchefa biochem, Netherland) with 3 % sucrose, supplemented with gibberellic acid (10 mg l −1 ) at 25°C under a 16 h photoperiod and used for the treatment studies. For cold treatment, ginseng plants were exposed to low temperature (4°C). To induce drought stress, plants were exposed to dehydration by withholding water. To evaluate the water loss (g) during the drought treatment, plants were weighted before and after treatment and water loss was calculated as Water loss (g) = Fresh weight before treatment (g) -Fresh weight after treatment (g). For salt treatment, ginseng plants were removed from the media and soaked in 150 mM NaCl. Ginseng plants were inoculated with the virulent Pseudomonas syringae pv tomato strain DC3000. The bacteria were grown at 28°C in King's B medium containing rifampicin (50 mg l
−1
). To study bacterial infection, bacterial suspensions (5×10 6 cfu ml
) were infiltrated into the ginseng leaves using a syringe. At appropriate time points, three independent leaves infiltrated with Pst were harvested. For stress treatments, the plantlets were subjected to treatment for 6, 12, 24, 48 and 72 h. Control plants were grown at 25°C under a 16 h photoperiod.
RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from adventitious roots of P. ginseng using RNeasy mini kit (Qiagen, Valencia, CA, USA). For RT-PCR, 200 ng of total RNA was used as a template for reverse transcription using oligo (dT) 15 primer (0.2 mM) and AMV Reverse Transcriptase (10 U μl −1 ) (INTRON Biotechnology, Inc., South Korea) according to the manufacturer's instructions. Real-time quantitative PCR was performed using 100 ng of cDNA in a 10-μl reaction volume using SYBR® Green Sensimix Plus Master Mix (Quantace, Watford, England). Gene-specific primers for GGDPS1, (forward) 5′-CAG AAG CTG GAC GAA GCA ATT C-3′ and (reverse) 5′-CAT CCA TGC ATG GCA AGT CAT-3′, GGDPS2, (forward) 5′-CTT AGA AAA TAT GCT AGG TGT ATC GGG-3′and (reverse) 5′-AAA TCC AAC AAG CTG ATC CCG A-3′ were used to perform quantitative RT-PCR. The thermal cycler conditions recommended by the manufacturer were used as follows: 10 min at 95°C, followed 40 cycles of 95°C for 10 s, 58°C for 10 s, and 72°C 20 s. The fluorescent product was detected at the last step of each cycle. Relative quantity of the PgGGDPS genes transcription level was performed using Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia), and calculated using the comparative cycle threshold (CT) method according to the manufacturers' instructions for normalizing data. A constitutively expressed β-actin gene with primer (forward) 5′-CGT GAT CTT ACA GAT AGC TTG ATG A-3′ and (reverse) 5′-AGA GAA GCT AAG ATT GAT CCT CC-3′ was used as internal reference. Three independent experiments were performed. The primer efficiencies were determined according to the method by Livak and Schmittgen (2001) to validate the ΔΔCt method. The observed slopes were close to zero, indicating that the efficiencies of the gene and the internal control β -actin were equal.
Determination of endogenous gibberellin (GA3) and ABA hormones and chlorophyll and carotenoid content Fresh leaf sample was homogenized with 70 % (v/v) methanol and stirred overnight at 4°C. The extract was filltered through a Whatman filter and the methanol evaporated under vacuum. The aqueous phase was adjusted to pH 8.5 with 0.1 M phosphate buffer and then partitioned with ethyl acetate three times. After removal of the ethyl acetate phase, the pH of the aqueous phase was adjusted to 2.5 with 1 N HCl. The solution was partitioned with diethyl ether three times, and then passed through andydrous sodium sulfate. After that the diethyl ether phase was evaporated under vacuum and the dry residue containing hormones was dissolved in 2.0 ml of methanol and stored in vials at 4°C. GA3 and ABA were quantified by reversed phase liquid chromatography as described previously Kelen et al. 2004 . GA3 and ABA were purchased from Mb Cell (Seoul, Korea) and Sigma Chemical Company (St. Louis, USA).
The chlorophyll and carotenoid content of ginseng seedlings leaves were estimated according to previous method (Kirk and Allen 1965) .
Statistical analysis
Means of three independent replicates are statistically analyzed and compared with control at (*p <0.05, **p<0.01, ***p<0.001) using Student's t-test.
Results

Isolation and Characterization of cDNA Encoding PgGGDPS Genes
As part of a genomic project to identify genes of the medicinal plant P. ginseng, a cDNA library consisting about 20,000 cDNAs were previously constructed. Moreover, a full genomic DNA sequence was analyzed using the genomic DNA sequence retrieved from ginseng genome database (http://im-crop.snu.ac.kr/new/ index.php). There are fewer studies of GGDPS, thus, this study will provide more information about GGDPS to characterize it from other plants. cDNA encoding two geranylgeranyl pyrophosphate synthases, designated PgGGDPS1 and PgGGDPS2 were isolated. As is shown in Fig. 1a , the cDNAs had open reading frame of 1032 and 1116 bp with a deduced amino acid sequence of 343 and 371 residues for GGDPS1 and GGDPS2, respectively. The calculated molecular mass of these proteins are approximately 37.66 and 40. 21 kDa with a predicated isoelectric point of 5.32 and 6.23 for GGDPS1 and GGDPS2, respectively. In the deduced amino acid sequence of PgGGDPS1 and PgGGDPS2 proteins, the total number of negatively charged residues (Asp and Glu) was 45 and 42 while the total number of positively charged residues (Arg and Lys) were 37 in both proteins (ProtParam). A GenBank Blast search (http://www.ncbi.nlm.nih.gov/BLAST/) resulting in highly conserved domains of TransIsoprenyl Diphosphate Synthases possessed by all the previously cloned plant and indicated that PgGGDPS1 and PgGGDPS2 belonged to the GGDPS family. Green box in Fig. 1a is the proposed signal peptide predicted by PSORT program. The predicted PgGGDPS1 and PgGGDPS2 transit peptide was also identified by TargetP (http://www.cbs.dtu.dk/services/TargetP/), showing that PgGGDPS1 and PgGGDPS2 had a transit peptide at its N-terminal which may suggest chloroplast localization (Emanuelson et al. 2000) . The catalytic site of GGDPS enzyme consists of a large central cavity formed by mostly antiparallel alpha helices with two aspartate-rich regions (DDXX(XX)D) located on opposite walls. These residues mediate binding of prenyl phosphates via bridging Mg 2+ ions, inducing proposed conformational changes that close the active site to solvent, protecting and stabilizing reactive carbocation intermediates. 25 active site lid residues in Orange box (Fig. 1a) shield highly reactive carbocationic intermediates from solvent; conformational change may accompany substrate binding. Chain length determination (CLD) region in blue box with 10 conserved residues dictate product specificity (chain length) by altering the binding pocket depth. Typically, at the 2nd position of the CLD region, FDP synthases have a Phe; GGDP and higher chain length synthases have a Ser, Ala, or Thr and as it was shown GGDPS1 and GGDPS2 in P. ginseng have Ser at this position (amino acid 129). The active site contains distinct allylic (aspartate-rich region 1) and homoallylic (aspartate-rich region 2) binding regions. seven conserved residues that compose the aspartate-rich region 1 (red box) make substrate-Mg 2+ binding site 1. Aspartates bind the diphosphate moieties of the allylic substrate through Mg 2+ bridges. Aspartate-rich region 2 (brown box) which contribute in substrate-Mg 2+ binding site 2 includes six conserved residues bound to the homoallylic substrate IPP.
It was revealed that the deduced amino acid of PgGGDPS1 shares a high degree of sequence homology with those of proteins encoded by Panax notoginseng (AIZ00598.1) (identity 99 % & similarity 99 %), Hevea brasiliensis (BAF98303.1) (identity 82 % & similarity 85 %), Morus notabilis (XP_010102651.1) (identity 73 % & similarity 99 %), Salvia miltiorrhiza (AEZ55680.1) (identity 72 % & similarity 99 %), Azadirachta indica GGDPS1 (AIG15450.1) (identity 73 % & similarity 98 %), Arabidopsis thaliana GGDPS 1 (NP_195399.1) (identity 44 % & similarity 82 %), however PgGGDPS2 showed higher homology with AtGGDPS1 (NP_195399.1) (identity 78 % & similarity 79 %) . Clustal X and the MEGA 5 Program were used for the construction of phylogenetic tree based on GGDPS amino acid sequences (Fig. 1b) .
Distribution of GGDP synthase genes transcripts in different organs
To determine the mRNA level of PgGGDPS genes at different developmental stages and various organs of ginseng, we performed quantitative RT-PCR analysis of expression of PgGGDPS1 and PgGGDPS2 in embryo stage, 1-month old seedling and 2-year, 4-year and 6-year old leaf, stem, flower, main root, lateral root, rhizome samples (Fig. 2) . Among 2-year collected organs, relatively higher levels of PgGGDPS1 and PgGGDPS2 transcripts were observed in stem and leaf. 4-year old flower and stem contain highest level of PgGGDPS1 and PgGGDPS2 transcripts. PgGGDPS1 and PgGGDPS2 transcriptome level appears to be high in root tissue when compared to other 6-year old organs.
Transcription level of PgGGDPS genes in response to various biotic and abiotic stresses
To determine the transcription of the PgGGDPS genes in response to various elicitors, we performed qRT-PCR analysis of GGDPS genes on ginseng adventitious roots treated with 100 μM MJ, 200 μM SA and 3 g l −1 YE (Fig. 3a) . Both PgGGDPS1 and PgGGDPS2 were upregulated during whole treatment time of MJ elicitor. In the case of SA treatment, PgGGDPS1 expression increased after 12 h. Meanwhile, PgGGDPS2 transcription was highest at 48 h. The transcription profile of GGDPS1 showed higher transcript level at 24 and 48 h after YE supplementation. To recognize pathogen can induce the transcriptome profile of PgGGDPS genes, we infected 30 day-old ginseng seedlings with Pseudomonas syringe suspension and checked the transcription pattern of this gene using quantitative RT-PCR analysis. The expression level of PgGGDPS1 was highest at 48 h after bacterial infection but PgGGDPS2 expression did not show significant expression compared to control. To elucidate the expression patterns of PgGGDPS genes under abiotic stresses, 30 day-old ginseng seedlings grown in vitro conditions were treated with different abiotic stimuli (Fig. 3b) . The expression patterns of PgGGDPS genes at different time points after treatments were analyzed using real-time PCR. The expression profile of GGDPS1 increased up to 4.4-fold at 48 h of post treatment with salt and declined at 72 h after treatment compared to the control. Under chilling stress (4°C), the GGDPS1 gene expression increased to highest expression level (17.3-fold) at 48 h and decreased at 72 h after treatment. However, both salt and cold stresses were not affected PgGGDPS2 transcription.
Effect of dehydration treatment on water content and mRNA levels of PgGGDPS genes
We measured the water loss rate of dehydrated seedlings of ginseng plant (Fig. 4) . Ginseng slightly lost water 6 to 24 h after exposing to drought. We recorded lower relative water content 48 h after drought treatment. We examined the expression level of GGDPS genes under drought treatment (Fig. 4) . During drought treatment, the transcript level of PgGGDPS1 and PgGGDPS2 showed maximum accumulation at 24 h and gradually decreased at 72 h.
Effect of dehydration stress on chlorophyll and carotenoid content and endogenous hormones
To further clarify the function of GGDPS, we determined the amounts of chlorophyll and carotenoids under drought condition (Fig. 5 ). Carotenoids were accumulated 12 to 72 h after treatment. Total chlorophyll contents were increased at 12 to 72 h of treatment compared with their controls which showed similar pattern to carotenoids accumulation.
Endogenous ABA and GA hormone levels were also measured in dehydrated seedlings (Fig. 5) . ABA content significantly increased 48 and 72 h after exposing to dehydration but gibberellic acid level was increased from 24 h and slightly decreased 72 h after exposure to dehydration.
Discussion
In our experimental study, this is the first time report of isolation and characterization of the genes encoding GGDP synthase (GGDPS) in P. ginseng. These sequences were named PgGGDPS1 and PgGGDPS2 due to its high homology with the GGDPS sequences of plants, especially with the P. notoginseng GGDPS genes (Fig. 1b) . The PgGGDPS1 and PgGGDPS2 cDNAs encode deduced amino acid sequences of 343 and 371 residues, with the predicted molecular weight of 37.66 and 40.21 kDa, respectively. PgGGDPS1 and PgGGDPS2 sequences contain transit peptide at its Nterminal which directed the enzymes to the plastids where chlorophyll, carotenoids and ent-kaurene have been shown to be synthesized. However, there was no homology among the N-terminals of the GGDPSs as these regions designed plastidial transit peptides which amino acid sequences varied much (Chen et al. 1994) . Our results are in agreement with the earlier studies (Kuntz et al. 1992; Engprasert et al. 2004 ) which showed around 40 and 39.3 kDa polypeptide of GGDP synthase localized in the plastid compartment of Capsicum annuum and Coleus forskohlii, respectively.
Among the several conserved regions in all transprenyltransferases there are two aspartate rich regions [DDxx(xx)D], the FARM (First Aspartate Rich Motif) and the SARM (Second Aspartate Rich Motif) located in the enzymes' large, central, hydrophobic cavity responsible for substrate binding and catalysis (Liang et al. 2002; Wang and Ohnuma 1999) . As it is shown in Fig. 1a , the FARM is conserved among GGDPS1 and GGDPS2 of P. ginseng and some other plant GGDPS proteins; whether the third and fourth Asp at SARM are not conserved in GGDPS proteins of P. ginseng and ) on expression of PgGGDPS genes in ginseng adventitious roots. 30-day-old ginseng adventitious roots were subject to these treatments. b PgGGDPS genes expression under 150 mM NaCl, cold (4°C) treatment and infection with Pseudomonas syringe suspension. Four-week old ginseng seedlings were subject to these treatments. Actin is an internal reference gene. Means of three independent replicates are statistically analyzed and compared with control at (*p<0.05, **p<0.01, ***p<0.001) using Student's t-test other plant GGDPSs but PgGGDPS1 and PnGGDPS which share highest homology sequence have similar amino acids of Isoleucine and Aspartate in SARM and in the same way, PgGGDPS2 and AtGGDPS1 also have Leucine and Glycine. However, further studies are needed to express two PgGGDPS genes in bacteria and demonstrate activities for the encoded recombinant proteins.
The temporal expression analysis from different samples in various growth stages demonstrated that GGDPS1 and GGDPS2 mRNA were ubiquitously expressed in all organs we examined though an Fig. 4 Effect of dehydration treatment on water content and mRNA levels of PgGGDPS genes in ginseng seedlings. Fourweek old ginseng seedlings were subject to this treatment. Actin is an internal reference gene. Means of three independent replicates are statistically analyzed and compared with control at (*p<0.05, ** p<0.01, ***p<0.001) using Student's t-test Fig. 5 Time course of changes in chlorophyll and carotenoid content, abscisic acid and gibberellic acid hormone levels in dehydrated ginseng seedlings. Four-week old ginseng seedlings were subject to this treatment. Actin is an internal reference gene. Means of three independent replicates are statistically analyzed and compared with control at (*p<0.05, **p<0.01, ***p<0.001) using Student's t-test expression level of GGDPS2 is low. It is likely that the GGPP synthase 1 has similar functions as that of A. thaliana GGPS-1, which locates in the chloroplast and engages in the biosynthesis of biologically important isoprenoids such as carotenoids, chlorophylls and gibberellins (Okada et al. 2000) . GGDPS1 and GGDPS2 were strongly expressed in aerial parts of the plant, especially in rapidly growing tissues such as 4-year old stem and flower tissue which is likely to reflect their roles and specific functions in each tissue. The results indicate that these GGDPS1 enzyme was developmentally and tissue-regulated showing higher expression in 2-year old leaf than 4 and 6-year old leaf. Meanwhile, GGDPS1 expression was induced in root tissues of 6-year old ginseng. Root tissues have etioplasts rather than chloroplasts and it can be suggested that GGDPS1 and GGDPS2 will be translocated into etioplasts in ginseng root tissues, a possible subcellular location for GA biosynthesis in root tissue (Tanimoto 1991) . It may suggest that GGDPS1 and GGDPS2 similar to GGPS1 and GGPS3 proteins in Arabidopsis (Okada et al. 2000) were translocated into chloroplasts in the upper part of the plant, and into leukoplasts (etioplasts) in the root tissues. GGDPS was strongly expressed in the leaves and barely expressed in the roots of C. forskohlii (Engprasert et al. 2004) . A small gene family was found for GGDP synthases encoding five isozymes and one related protein in Arabidopsis (Okada et al. 2000) . Among them GGR and GGDPS1 were ubiquitously expressed, while GGDPS2, GGDPS3, and GGDPS4 were expressed specifically in the flower, root, and flower, respectively. These results indicate that GGDPS is thought to use IPP, which is produced through the non-mevalonate pathway in plastids and the GGDPS1 and GGDPS2 proteins in ginseng supply GGDP for the biosynthesis of chlorophyll, carotenoids, and ent-kaurene, precursors of gibberellin, in the plastids.
Ginseng plants have evolved effective mechanisms to deal with the ever-changing environment during their growth and development. In order to determine the molecular mechanisms of ginseng plant adapted to biotic and abiotic challenges over long years of life cycle, transcript profiling of PgGGDPS genes were studied by quantitative real time-PCR analysis. The PgGGDPS1 and PgGGDPS2 genes transcription was affected by 100 μM methyl jasmonate, 200 μM salicylic acid and 3 g l −1 YE yeast extract in the adventitious roots of P. ginseng as suggesting that GGDPS1 was elicitorresponsive. It was previously proved that GGDPS was regulated by salicylic acid (SA) and inhibited by methyl jasmonate (MeJA) in Salvia miltiorrhiza (Kai et al. 2010 ) and in S. miltiorrhiza hairy root cultures, the accumulation of diterpenoid tanshinones was enhanced by a yeast elicitor and silver ion Ag + (Ge and Wu 2004) . PgGGDPS1 expressions seem to be strongly up-regulated by salt and chilling treatment although longer treatment of chilling resulted in downregulation of its expression while transcriptome profile of GGDPS1 was induced in Pst-infected ginseng seedlings. Our results confirmed earlier report (Hua et al. 2012 ) that S. miltiorrhiza GGDPS can be induced by various factors, such as NaCl and pathogen infection. PgGGDPS1 and PgGGDPS2 responses against abiotic and biotic stresses demonstrated different results, as it was shown GGDPS1was inducible by cold and salt stress and pathogen attack. GGDP biosynthesis is the key step in terpenoid pathway and GGDP synthase catalyzed the branch point enzymatic reaction that is necessary for plant growth. GGDP as the precursor for the biosynthesis of the chlorophyll side chain can directly affect chlorophyll synthesis (Lichtenthaler 1987) .
Plants respond to survive under water-deficit conditions via a series of physiological, cellular, and molecular processes culminating in stress tolerance. Many droughtinducible genes with various functions have been identified. According to our results, dehydrated ginseng exhibited higher transcript level of PgGGDPS1 and PgGGDPS2 while chlorophyll as well as carotenoid synthesis was affected by drought. In severe water stress condition, photosynthesis rate will be reduced and physiological processes will be disturbed and finally plant will be withered and dead.
Plant hormones are involved in diverse aspects of growth and developmental processes as well as various biotic and abiotic stress responses in plants. It was demonstrated that the rising level of endogenous ABA, triggering stomata closure under drought or salt stress conditions (Verslues et al. 2006) . As it was shown in our study, ginseng plant had lost highest amount of water 48 h after dehydration treatment. Under drought stress, upregulated PgGGDPS1 and PgGGDPS2 may increase accumulation of carotenoid precursors 24 h after onset of drought treatment which subsequently leads to higher production of ABA 48 h after dehydration treatment. During that time, endogenous ABA accumulated to possibly activate stomatal closure as the physical barrier to inhibit water loss under drought stress. Also we have shown that the increasing severity of drought stress induced significant increase of intracellular GA as compared to control. In this way, this growth promoting phytohormone may alleviated the drought stress by increasing carbohydrate content, amino-N and total nitrogen which is already proved (El-Meleigy et al. 1999; Aliyev et al. 2000) in peanut plant and wheat seedling, respectively.
The results of the current study support the hypothesis that the induction of GGDPS genes specifically PgGGDPS1 by drought stress may affect chlorophyll levels, accumulation of carotenoids as the precursor for higher production of ABA to possibly activate stomatal closure as the barrier for water loss and increase of intracellular GA. Therefore we can suggest a crucial role for this gene in protection of ginseng plant under environmental abiotic stresses. Further studies on PgGGDPS genes are needed for specific localization within the cell and clarify the physiological functions of each GGDPS isozymes in ginseng.
